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Strongly interacting two-dimensional Fermi systems are one of the great remaining challenges
in many-body physics due to the interplay of strong local correlations and enhanced long-range
fluctuations. Here, we probe the thermodynamic and transport properties of a 2D Fermi gas across
the BEC-BCS crossover by studying the propagation and damping of sound modes. We excite
particle currents by imprinting a phase step onto homogeneous Fermi gases trapped in a box potential
and extract the speed of sound from the frequency of the resulting density oscillations. We measure
the speed of sound across the BEC-BCS crossover and compare the resulting dynamic measurement
of the equation of state both to a static measurement based on recording density profiles and
to Quantum Monte Carlo calculations and find reasonable agreement between all three. We also
measure the damping of the sound mode, which is determined by the shear and bulk viscosities as
well as the thermal conductivity of the gas. We find that the damping is minimal in the strongly
interacting regime and the diffusivity approaches the universal quantum bound ~/m of a perfect
fluid.
Strongly interacting fermionic systems appear in many
different areas of physics, yet understanding their be-
havior remains challenging. A powerful experimental
method to gain access to their thermodynamic and trans-
port properties is to study collective excitations such as
sound modes. The speed of sound is determined by the
compressibility of the medium, giving access to its equa-
tion of state. The damping of sound modes in the hy-
drodynamic regime is caused by the diffusion of heat as
well as longitudinal and transverse momentum, and thus
depends on the transport coefficients of the medium, i.e.,
thermal conductivity, bulk and shear viscosity. In hy-
drodynamic systems which support well-defined quasi-
particle excitations such as fermionic quasiparticles in a
normal Fermi liquid or phonon excitations in a super-
fluid, kinetic theory predicts that the damping rate is
proportional to the quasiparticle lifetimes. Long-lived
quasiparticles can transport heat or momentum over long
distances and therefore smooth out density and pressure
variations very efficiently, leading to strong attenuation
of sound waves. In contrast, no well-defined quasiparti-
cles exist in the strongly correlated regime. Here, parti-
cles scatter with a mean free path comparable to the av-
erage interparticle spacing, leading to lower diffusivities
and hence lower damping rates. A lower bound for the
diffusivities D & ~/m and thus quantum limited trans-
port has been predicted and observed in several trans-
port channels, including shear viscosity in ultracold 2D
[1–4] and 3D [5–7] Fermi gases as well as spin diffusion
in 2D [2, 4, 8, 9] and 3D Fermi gases [10–14]. In mea-
surements of sound propagation, this limit was observed
in the sound diffusion of a unitary 3D Fermi gas [15].
Several hypotheses have been brought forward to pro-
vide an explanation for quantum limited transport [16]:
One, motivated by holographic duality [17], is that it oc-
curs near scale invariant points in the phase diagram.
The unitary 3D Fermi gas is an example that seems to
support this hypothesis since it is strongly interacting
as well as scale invariant and exhibits quantum limited
shear and spin diffusion. In contrast, 2D Fermi gases ex-
hibit a quantum scale anomaly that breaks scale invari-
ance [18–21]. Here, we investigate the propagation and
damping of sound in a strongly interacting 2D Fermi gas
and thereby probe a crucial test case for this hypothesis.
We observe that the damping approaches the quantum
limit D ≈ ~/m in the strongly interacting regime, where
scale invariance is most dramatically violated, showing
that scale invariance or quantum criticality is in fact not
required for quantum limited transport. Similar observa-
tions were made for transverse spin diffusion in [9]. Our
results confirm a scenario of incoherent transport that
has emerged in recent years from the study of anoma-
lous transport in high-temperature superconductors and
other ’bad metals’ [22–24] and links quantum limited
transport to strong correlations.
We perform our studies of sound propagation with an
ultracold gas of 6Li atoms in a spin-balanced mixture
of the lowest two hyperfine states, trapped in a two-
dimensional box potential [25, 26]. The gas is vertically
confined in a single node of a repulsive optical lattice with
trap frequency ωz/2pi = 8.4(3) kHz. At our densities of
about n↑/↓ ≡ n ≈ 1µm−2 per spin state, the chemical
potential µ is smaller than the vertical level spacing ~ωz,
which ensures that our gas is in the quasi 2D regime. The
confinement in the horizontal plane is created using a
digital micromirror device illuminated with blue detuned
light (λ = 532 nm), trapping the gas in a two-dimensional
box with a typical size of lx × ly = 30 × 40µm2. Ac-
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FIG. 1. Propagation of a sound wave in a box potential: (a)
Density profiles n(x, t)/n(t) averaged along the direction per-
pendicular to the sound propagation and normalized to the
average density n(t) within the box. A density wave prop-
agating through the box is visible. Each profile n(x, t)/n(t)
is the average of 120 individual realizations. Note that the
color scale has been chosen to enhance the visibility of the
sound wave. (b) Relative density imbalance between the two
sides of the box for the same data set. The solid line shows a
damped sinusoidal fit to the data. (c) Frequency of the den-
sity oscillation as a function of the inverse box length. The
slope of the linear fit (solid line) corresponds to the speed of
sound. In (b) and (c), the statistical errors are smaller than
the marker size. Each data point in (c) is the average of 23
realizations.
cording to the temperature determination performed in
[26], our system is in the low-temperature regime with
kBT/EF ≤ 0.1, where EF = ~2k2F/2m is the Fermi en-
ergy, kF = (4pin)
1/2 the Fermi momentum and m the
atomic mass of 6Li.
For our experiments, we build on the experimental pro-
cedure developed in [27], where sound propagation was
studied in weakly interacting 2D Bose gases. To excite a
sound mode in the box we follow the approach of [26] and
imprint a relative phase between two halves of the system
by illuminating one side with a spatially homogeneous
optical potential for a short duration τ < h/EF. We
then observe the resulting density oscillations by imag-
ing the density distribution after different hold times us-
ing in-situ absorption imaging. An example of such an
oscillation is shown in figure 1(a). A sound wave trav-
eling back and forth between the two sides of the box
is clearly visible in the density profile. To extract the
oscillation frequency f = ω/2pi and the damping Γ of
FIG. 2. (a): Oscillations in the density imbalance at
B = 758 G, B = 883 G and B = 1009 G. Solid lines rep-
resent damped sinusoidal fits. (b): Frequency (blue circles)
and damping (red squares) of sound oscillations as a function
of magnetic field. The frequency increases smoothly from the
BEC to the BCS side and starts to saturate at high magnetic
fields. The damping shows a clear minimum in the strongly
interacting regime and increases strongly towards either side.
Each data point is the average of 39 realizations.
this sound wave, we calculate the relative particle im-
balance ∆n/n = 2(nt − nb)/(nt + nb) from the den-
sities nt and nb in the top and bottom halves of the
box and fit it with a damped sinusoidal of the form
A(t) = A0 cos (ωt+ φ) exp (−Γt/2) + b (see figure 1(b)).
We measure the oscillation frequency for different boxes
with lengths between lx = 15µm and lx = 40µm and find
that it is proportional to the inverse of the box length (see
figure 1(c)). This confirms that we observe a sound wave
traveling at a constant velocity c = 2lxf and that edge
effects are negligible.
To probe the speed of sound as a function of interac-
tion strength, we perform measurements in a box with
lx = 30µm at magnetic fields around the Feshbach res-
onance. Examples of the resulting oscillations as well as
the evolution of the oscillation frequency as a function of
magnetic field are shown in figure 2. As the field is varied
from the BEC side to the BCS side of the crossover, the
oscillation frequency increases, which is expected since
the compressibility of a Fermi gas is much lower than
that of a weakly repulsive Bose gas. On the Fermi side,
the gas is thus stiffer with respect to density fluctuations
and sound waves propagate faster than on the Bose side.
We plot the speed of sound extracted from the oscilla-
tion frequencies as a function of the 2D interaction pa-
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FIG. 3. (a): Speed of sound across the BEC-BCS crossover. Gray lines represent the two theoretical limits: In the BEC
regime, Bogoliubov theory predicts µ = gn and hence cB = (gn/2m)
1/2, where g is the interaction parameter between bound
dimers defined as in [26, 28]. On the BCS side, µ → EF yields a constant sound velocity cF = vF/
√
2 where vF = ~kF/m
is the Fermi velocity. (b): Static measurement of the compressibility. A repulsive potential V is imprinted onto one half of
the box resulting in a density imbalance ∆n/n (blue points). We extract the compressibility from the initial slope of the data
points according to 1/n2κ = lim∆n→0 V/∆n in a local density approximation. Each data point and the inset are averages of 20
realizations. (c): Comparison between the compressibility scaling functions fκ obtained from the speed of sound (blue circles),
the density response to an imprinted static potential (red squares) and QMC calculations [29, 30].
rameter ln (kFa2D) [31] in figure 3(a). In a superfluid
gas, two-fluid hydrodynamics predict the occurrence of
two sound modes which propagate at different velocities,
as observed in [32]. These modes generally mix density
and entropy degrees of freedom. For strongly interacting
2D-superfluids however, density and entropy excitations
have been predicted to be well decoupled [33, 34], and
hence the sound mode we observe should correspond to
an almost pure density wave. In this case, the velocity of
a sound wave is given by
c =
√
n
m
∂µ
∂n
∣∣∣∣
s
(1)
and is direcly related to the isentropic compressibility
κ = 1n2
∂n
∂µ
∣∣
s
[35]. This relation gives us simple zero-
temperature expressions for the speed of sound in the
BEC and BCS limits of the crossover, which are in good
agreement with our data (dashed and dotted lines in fig-
ure 3(a)).
For a quantitative analysis we use Eq. (1) to extract
the compressibility of our gas from our measurement
of the speed of sound. From this, we then determine
the dimensionless inverse compressibility scaling function
fκ = 1/nEFκ of a two-dimensional Fermi gas.
In addition to this dynamic measurement of the equa-
tion of state (EOS), we also perform a static measure-
ment of the compressibility EOS by determining the den-
sity response of our system to a static repulsive potential,
similar to the work performed in [25, 36–38] (see figure
3(b)). This results in two independent measurements of
fκ, which show good agreement with each other (see fig-
ure 3(c)).
Finally we compare our data to theory by extracting fκ
from Quantum Monte Carlo (QMC) calculations of the
ground state energy E0 of a homogeneous 2D Fermi gas
[29, 30]. On the BCS side, the experimental results agree
well with the theoretical prediction. On the BEC side,
both the static and the dynamic measurements lie above
the theoretical prediction. One possible explanation for
this difference could be finite temperature effects, which
have been observed in [37] to decrease the compressibility
of the gas, thus increasing fκ.
Very recent simulations of the sound velocity in a 2D
Bose gas [39] indicate that the density and entropy modes
remain coupled even for relatively strongly interacting
Bose gases, leading to sound velocities which differ from
the Bogoliubov prediction. This should be observable
as a difference between the static and dynamic measure-
ments of the compressibility. However, if such a difference
exists in our system, it is smaller than the uncertainty of
our measurement.
We now turn our attention to the damping of the sound
waves. In our strongly correlated system, the mean free
path lmfp of the particles is much smaller than the oscil-
lation wavelength and their collision rate is high with re-
spect to the oscillation frequency [40]. Hence the system
is in the hydrodynamic regime. In this regime, the spatial
variations in density and temperature that constitute a
sound wave lead to diffusive currents of longitudinal mo-
4FIG. 4. Sound diffusion coefficient across the BEC-BCS
crossover. In the strongly correlated regime, the diffusion
coefficient reaches a minimum which agrees well with the uni-
versal quantum bound for diffusion at ~/m (dashed line).
mentum, transverse momentum and heat, whose magni-
tudes are proportional to the bulk and shear viscosities
ζ and η and to the heat conductivity β [41, 42]. These
diffusive currents smooth out the density and tempera-
ture variations and thus damp the sound wave according
to the sound diffusion constant
Ds =
η
ρ
+
ζ
ρ
+ β
cp − cv
cpcv
= Γ/k20, (2)
where k0 = pi/lx is the wave vector of the sound wave
and cp and cv are the heat capacities at constant pressure
and volume. The evolution of Ds across the BEC-BCS
crossover is shown in figure 4. It exhibits a broad min-
imum in the crossover regime −1 < ln (kFa2D) < 2 and
increases steeply towards the BEC and BCS limits.
Before comparing our data to theory, we note that
making quantitative predictions for transport coefficients
of strongly interacting 2D Fermi gases in the low-
temperature regime is still a major theoretical challenge.
Approaches such as Fermi liquid theory and BCS theory
[42] are only accurate at weak coupling. Results obtained
for the high-temperature regime (T ≥ TF) indicate that
the shear viscosity and heat conductivity have a min-
imum in the strongly correlated regime [2–4] whereas
the bulk viscosity is maximal near resonance yet con-
tributes much less to the damping [43–45]. In total, high-
temperature theory predicts a minimum of the sound
diffusion in the crossover regime. Although our mea-
surements are performed in the low-temperature regime,
the observed behavior is in qualitative agreement with
an extrapolation of the high-temperature result to the
low-temperature regime.
A prediction for a lower bound of Ds in the strongly
interacting regime can be obtained via a simple scal-
ing argument: In kinetic theory, the diffusion coeffi-
cient is given by the mean free path and the velocity
via Ds ∼ v lmfp. For a strongly interacting degenerate
gas the mean free path lmfp is on the order of the inter-
particle separation n−1/2 and the velocity on the order
of the Fermi velocity v ∼ vF ∼ ~n1/2/m, resulting in
a diffusion coefficient Ds ∼ ~/m. Since the interparti-
cle separation is a lower limit for the mean free path,
this yields a generic lower bound for the damping. This
lower limit is in agreement with our measured diffusion
coefficient of Ds ≈ 1.8(2)~/m in the strongly correlated
regime. Thus our strongly interacting 2D Fermi gas is a
nearly perfect fluid despite the fact that scale invariance
is broken and that the system is not at a quantum critical
point.
In this work, we have studied the propagation and
damping of sound waves in a homogeneous 2D Fermi gas
across the BEC-BCS crossover. We have extracted the
compressibility EOS from a measurement of the speed of
sound and find good agreement with T = 0 QMC calcu-
lations. We have measured the sound diffusion constant
as a function of the interaction strength and find uni-
versal sound diffusion Ds ∼ ~/m and quantum limited
transport in the strongly interacting regime. This lower
limit is reached at interactions where scale invariance is
violated most severely [9, 21], but where the mean free
path is comparable to the particle spacing. Since sound
diffusion is the sum of momentum and heat diffusion,
we thus find upper bounds of order ~/m on each diffu-
sion channel individually in the crossover regime. This
demonstrates that the 2D Fermi gas realizes a nearly per-
fect fluid [17, 46] and provides a benchmark against which
future theoretical predictions can be validated.
An interesting extension of our measurements would
be to study the temperature dependence of Ds as done
in unitary 3D Fermi gases [15]. In the fermionic regime,
this would allow us to observe whether there is a max-
imum of Ds at the critical temperature of superfluidity,
similar to measurements in 3He [47]. In the deep BEC
regime, control over the temperature of the gas would
enable studies of second sound in a strongly interacting
Bose gas [34, 39].
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